A plasmid library of PstI fragments of Haemophilus influenzae Rd genomic DNA was mutagenized in Escherichia coli with mini-TnlOkan. The mutagenized PstI fragments were introduced by transformation into the H. influenzae chromosome, and kanamycin-resistant transformants were screened for the transformationdeficient phenotype by a cyclic AMP-DNA plate method. Fifty-four mutant strains containing 24 unique insertions that mapped to 10 different PstI fragments were isolated. Strains carrying unique insertions were tested individually for DNA uptake, transformation efficiency, UV sensitivity, and growth rate. The transformation frequencies of these mutants were decreased by factors of 10-2 to 106. Five of the mutants had normal competence-induced DNA uptake, and the rest were variably deficient in competence development. Three strains were moderately UV sensitive. All strains but one had doubling times within 50% of that of the wild type. Mutated genes were cloned into an H. influenzae-E. coli shuttle vector, and wild-type loci were recovered by in vivo recombinational exchange. Hybridization of these clones to SmaI genomic fragments separated in pulsed-field gels showed that these insertions were not clustered in a particular region of the chromosome.
A plasmid library of PstI fragments of Haemophilus influenzae Rd genomic DNA was mutagenized in Escherichia coli with mini-TnlOkan. The mutagenized PstI fragments were introduced by transformation into the H. influenzae chromosome, and kanamycin-resistant transformants were screened for the transformationdeficient phenotype by a cyclic AMP-DNA plate method. Fifty-four mutant strains containing 24 unique insertions that mapped to 10 different PstI fragments were isolated. Strains carrying unique insertions were tested individually for DNA uptake, transformation efficiency, UV sensitivity, and growth rate. The transformation frequencies of these mutants were decreased by factors of 10-2 to 106. Five of the mutants had normal competence-induced DNA uptake, and the rest were variably deficient in competence development. Three strains were moderately UV sensitive. All strains but one had doubling times within 50% of that of the wild type. Mutated genes were cloned into an H. influenzae-E. coli shuttle vector, and wild-type loci were recovered by in vivo recombinational exchange. Hybridization of these clones to SmaI genomic fragments separated in pulsed-field gels showed that these insertions were not clustered in a particular region of the chromosome.
In the late logarithmic growth phase or in response to environmental stimuli such as a nutritional shift down and/or a decrease in oxygen tension (15, 16) , Haemophilus influenzae cells undergo a transient physiological change (35) which results in a state of competence (that is, the ability of cells to bind, take up DNA, and transform). Three changes have been documented as being associated with competence development and transformation. The first is modification of the cellular envelope. This includes the synthesis of new polypeptides (11, 12, 42, 49) , an alteration in the lipopolysaccharide composition (50) , and the appearance at the cell surface of vesicle-like structures, or transformasomes, which presumably are the sites of DNA binding and entry (20) . The second is an enhanced recombination capacity of the cells, measured as increased frequencies of phage and plasmid recombination (3, 7, 27) . The third is the appearance of single-stranded gaps and tails in the chromosome (24, 29) . Although relief of catabolite repression is thought to be an important factor in the regulation of the process (31, 47) , the physiological link(s) between the different environmental stimuli and the onset of these changes (48) and the exact nature of the involvement of essential and inhibitory metabolites (31, 33, 34 ) have yet to be determined.
The genetic and biochemical characterization of transformation-deficient mutants generated by nitrosoguanidine mutagenesis (5, 9, 22, 37) led to the identification of steps involved in DNA uptake and transformation (1, 3, 4) . As a result, a model for chromosomal transformation of competent H. influenzae cells was proposed (17) (18) (19) . Despite these efforts, a systematic genetic analysis of the transformation pathway has not been achieved, in part due to the lack of good methods for genetic analysis in H. influenzae and the difficulty encountered in cloning the genes of interest.
In this paper, we briefly describe the use of mini-Tnl0kan transposon mutagenesis (45) for isolation of transformation-* Corresponding author. deficient mutants and describe the characterization of these mutations and the cloning of the mutated alleles and the corresponding wild-type loci. Since a system for transposon mutagenesis in H. influenzae is not available, the mutagenesis was carried out on a plasmid library of H. influenzae Pstl DNA fragments in Escherichia coli. The transposon used has the advantage of being a small 2-kilobase-pair (kb) element carried on phage lambda along with, but separate from, the TnlO transposase under tac promoter control. On infection of the library clones in a lacI background, the transposase is induced and high levels of transposition are achieved. After the transposon mutagenesis had occurred in our library population, the mutated DNA was introduced back into the Haemophilus chromosome by additive transformation (40) . From among a large number of kanamycinresistant clones obtained, a number of transformation-deficient (Tfo) strains were isolated after screening with a cyclic AMP (cAMP)-DNA plate method (47) . These mutants were grouped, their competence-induced DNA uptake and transformation efficiency were measured, and their UV sensitivity and growth rate were determined.
( Bacterial growth and competence development. H. influenizae cells were cultured in brain heart infusion broth supplemented with 2 p.g of NAD and 10 1Lg of hemin per ml (sBHI). Competence induction was by the M-IV medium procedure of Herriott et al. (16) . Kanamycin was used at 20 or 35 pLg/ml, streptomycin was used at 250 or 500 pg/ml, novobiocin was used at 2.5 p.g/ml, and tetracycline was used at 5 p.g/ml. Plasmid pGB2 was selected for and maintained in E. c/oli by using 50 pLg of spectinomycin per ml.
Doubling time and UV sensitivity assays. To determine the doubling time of any particular strain, 1 ml of cells frozen at an optical density at 650 nm (OD650)) of 0.3 was thawed, transferred to 35 ml of heart infusion broth supplemented as described above, and shaken at 125 rpm and 37°C. Measure blot analysis of chromosomal DNA derived from these backcrossed strains confirmed that the mini-TnlOkan insertion in each was identical to that of the parent strain (data not shown). These five strains were then eliminated from further study. In two strains, JG40 and JG58, the backcross derivatives retained the mutant phenotype, but the values for DNA binding and uptake and the transformation frequency (only in JG58) were markedly different. The backcross strains derived from JG40 had about a 20-fold lower DNA binding and about a 40-fold lower DNA uptake than the parent strain. The transformation frequency and DNA uptake of backcross JG58 were about 25-fold higher. The values obtained for the rest of the backcross strains were in good agreement with the values reported in Table 2 for the parent strains. We also tested the UV sensitivity of backcross strains derived from five UV-sensitive parents; two were found to be UV resistant.
In summary, we identified a total of 24 distinct insertions in 10 different Pstl fragments. Strains bearing these insertions and their apparent sibs are listed in Table 2 . Four insertions were isolated 2 times, four were isolated 3 times, one was isolated 9 times, and one was isolated 11 times. The strains in Table 2 are grouped according to whether their insertions are in the same PstI fragment. Five different insertions were found in a 12.8-kb fragment (group A), three were found in an 8.8-kb fragment (group B), seven were found in an 8.0-kb fragment (group C), and three were found in a 7.0-kb fragment (group D). The relative positions of these insertions are shown in Fig. 2 .
Distribution of the mutations over the genome. To determine whether mutations on different PstI fragments might be near each other on the chromosome, we mapped the PstI fragments to individual H. influen7ae Sinal fragments (25) . Filters containing the SinaI fragments of KW20 DNA separated by pulsed-field gel electrophoresis were probed with plasmids representing each PstI-cloned fragment. Table 3 shows that the cloned mutations were distributed over fragments representing 80% of the genome. As an additional check on whether any cloned fragments might be adjacent, we compared their hybridization patterns on filters containing KW20 DNA cut with seven restriction enzymes (BglI, BglII, EcoRI, BstEII, N(iI, P'illI, and SacII, chosen because they cut infrequently, giving fragments mostly between 5 and 50 kb). Any adj.cent PstI fragments should have hybridized to common fragments in most digests, but this was not seen in any comparison (data not shown).
Phenotypes of the Tfo-strains. The transformation phenotypes (DNA binding, DNaseI-resistant DNA uptake, and Ratio of Str' colonies to total CFU. Between 2 x 108 and 2 x 1(0 CFU wer-e screened for Str'. "S. UV sensitive-R. UV r-esistant (see Fig. 3 ). N+. doubling time shorter than KW20; N. douibling time the sarme as KW2t): N-, doubling tinie <30% longer than KW20: S, doubling tinme 30 to 50% longer than KW20; VS. douibling time more than 50% longer than KW20).
-. Not tested.
transformation frequency) associated with each insertion were determined by transformation of M-IV-treated cultures with 3H-labeled KW26 DNA (Table 2) . Most strains were defective for DNA binding, DNA uptake (<1% of the wild-type level), and transformation (<10-" to 10-2 of the wild-type level). Two mutants, JG37 and JG56, bound and took up DNA at wild-type levels but transformed at <10-5 of the wild-type level. The three mutants in group B, JG88, JG108, and JG112, took up normal or near-normal amounts of donor DNA and transformed at about 10-2 of the wildtype level.
VOL. 171, 1989 3800 TOMB ET AL. (Fig. 3) , none were as sensitive as the recA-like mutant rec-1. All strains but one had doubling times within 50% of that of the wild type ( Table 2) .
Cloning Mutants with normal or near-normal DNA binding and uptake (JG56, JG37, and the three group B mutants) could have mutations affecting either the translocation or the integration machinery. Two previously described mutants were found to have normal DNA binding and uptake and very low frequencies of transformation: rec-2, in which the transforming DNA fails to translocate from the transformasome to the cytoplasm, and rec-I, which is recombination deficient and UV sensitive (3). However, Southern analysis using cloned rec-l and rec-2 probes (2, 28) showed that none of the new Tfo-insertions is in the rec-l or the rec-2 gene (data not shown). A biochemical study of the fate of transforming DNA in these mutants should be helpful in determining the step(s) at which the block has occurred. Strain JG40, which was reported to bind and take up near-normal levels of DNA ( lower probability of being represented. This is due to the fact that on average, 1.5 kb of the 3' end of transforming DNA is degraded, presumably during the translocation from the transformasome and prior to integration into the chromosome (32) . In fact, the smallest fragment encountered in our screen was 3.5 kb in length. A marked improvement on the method would be the development of a transposon mutagenesis system applicable to H. influenzae.
Currently, we are locating the transformation-related genes in each cloned fragment and determining their modes of regulation, the functions they encode, and whether or not they complement previously isolated mutations.
